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Abstract
It is well known that Majorana neutrinos have a pure axial neutral current interaction while Dirac
neutrinos have the standard vector-axial interaction. In spite of this crucial difference, usually Dirac
neutrino processes differ from Majorana processes by a term proportional to the neutrino mass,
resulting in almost unmeasurable observations of this difference. In the present work we show that
once the neutrino polarization evolution is considered, there are clear differences between Dirac
and Majorana scattering on electrons. The change of polarization can be achieved in astrophysical
environments with strong magnetic fields. Furthermore, we show that in the case of unpolarized
neutrino scattering onto polarized electrons, this difference can be relevant even for large values of
the neutrino energy.
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There are still many open questions in particle physics, and many of these involve the
leptonic sector: what is the neutrino mass scale and the neutrino mass hierarchy? why is
the neutrino mixing matrix so different from quarks? is there CP violation in the neutrino
sector? Is the neutrino a Dirac or a Majorana particle? Pontecorvo called this last question
the central problem in neutrino physics. If neutrino is a Majorana particle, then the neutrino
is identical to its own anti-particle. If this is the case, the neutrinoless double beta decay
is possible [1]. If such a process is experimentally observed, it will be an undoubted signal
of the Majorana nature of the neutrino [2]. If on the other hand, the neutrino is a Dirac
particle, then the antineutrino is a different particle than the neutrino.
There is another crucial difference between Dirac and Majorana neutrinos [3–5]. If we
consider the neutrino-electron scattering, either Dirac or Majorana, the effective Lagrangian
at low energies can be written as:
Lνe = GF√
2
[u¯νℓγ
µ(1− γ5)uνℓ][u¯eγµ(gℓV − gℓAγ5)ue] , (1)
where the coupling constants are given by
gℓV = −
1
2
+ 2 sin2 θW + δℓe , g
ℓ
A = −
1
2
+ δle , ℓ = e, µ, τ . (2)
The amplitude for the neutrino-electron scattering in the Dirac case is:
MD(νℓe→ νℓe) = −iGF√
2
[u¯feγ
µ(gℓV − gℓAγ5)uie][u¯fνℓγµ(1− γ5)uiνℓ] , (3)
while for the Majorana case, since the neutrino is its own antiparticle, the amplitude will
be:
MM(νℓe→ νℓe) = −iGF√
2
[
u¯feγ
µ(gℓV − gℓAγ5)uie
] [
u¯fνlγµ(1− γ5)uiνℓ − v¯fνℓγµ(1− γ5)viνl
]
. (4)
If the neutrino is a Majorana particle, then the following identity is valid:
v¯fνℓγµ(1− γ5)viνℓ = u¯fνℓγµ(1− γ5)uiνℓ , (5)
hence, the amplitude for the Majorana case will be
MM(νℓe→ νℓe) = i2GF√
2
[
u¯feγ
µ(gℓV − gℓAγ5)uie
] [
u¯fνlγµγ
5uiνl
]
. (6)
It is clear that eq. 3 is very different from eq. 6. Nevertheless, the neutrino mass is extremely
small (mν < 2 eV [6]) thus these are almost completely chiral states, that is, almost fully
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polarized particles due to the lefthanded nature of the charged weak interaction. For this
reason, an extra state preparation factor (1− γ5)/2 is usually added such that eqs. (3) and
6 become identical [3]. The additional preparation factor is true if the neutrino mass is
zero, but once the neutrino mass is incorporated, the neutrino is not completely polarized.
Indeed, for instance, for the pure leptonic decay of a pseudoscalar meson P+ → ℓ++ νℓ, the
neutrino longitudinal polarization is a function that depends on the neutrino mass [7]:
Plong =
(E −W )|~k|
WE − |~k|2
, (7)
with W and E the energies of the charged lepton ℓ and the neutrino respectively. ~k is given
by m2ν = m
2
P +m
2
ℓ−2mP
√
m2ℓ + |~k|2, mP the mass of the pseudoscalar meson, mℓ the lepton
mass and mν the neutrino mass. For a neutrino mass of 1 eV, the polarization differs from
a completely left handed lepton in one part in a billion, thus, the prescription of adding
a preparation factor seems reasonable. Nevertheless, since we are in the high precision
test of the standard model era, it is reasonable to evaluate the differences between the
Dirac and Majorana neutrino-electron scattering cross sections considering that neutrinos
are highly polarized but not completely polarized. A straightforward calculation of the
neutrino-electron scattering νℓ(pν , sν) + e(pe) → νℓ(p′ν) + e(p′e), with the incident neutrino
polarization vector defined as sν = (0, s⊥, 0, s||) in the neutrino rest frame , gives for the
Dirac case [3]:
dσD
dΩ
=
G2F
8π2s
((m2e(Eν − p2 cos θ)(gℓA
2 − gℓV
2
)
+ (EνEe + p
2)(gℓV + g
ℓ
A)
2 + (EνEe + p
2 cos θ)2(gℓV − gℓA)2
− p[s1/2(EνEe + p2)s||(gℓV + gℓA)2 + (EνEe + p2 cos θ)
× ((Ee + Eν cos θ)s|| +mνs⊥ sin θ cos φ]) (gℓV − gℓA)2
+ me(Eν(1− cos θ)s|| −mν |s⊥| sin θ cosφ)(gℓA
2 − gℓV
2
))) , (8)
while for the Majorana case it is given by [3]:
dσM
dΩ
=
G2F
4π2s
(((EνEe + p
2)2 + (EνEe + p
2 cos θ)2
+ mν(E
2
ν − p2 cos θ))(gℓV 2 + gℓA2) +m2e(E2ν − p2 cos θ + 2m2ν)
× (gℓA2 − gℓV 2)− 2gℓV gℓAp(2EνEe + p2(1 + cos θ))
× (Eνs||(1− cos θ)−mν |s⊥| sin θ cosφ)) . (9)
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FIG. 1: Difference between the Majorana and Dirac neutrino-electron elastic scattering for a
longitudinal polarization 1+ s|| = 10
−9 and a neutrino mass mν = 1 eV. Inner figure shows a zoom
for low neutrino energies.
In both cases, the variables Ee, Eν , θ, φ and p refer to center of mass (CM) quantities and
s the Mandelstam variable. In order to quantify any difference between the Majorana and
the Dirac cases, we define the function
D(Elabν , s||) =
|σ(νDpole)− σ(νMpole)|
σ(νDpole)
, (10)
where we have integrated eqs. (8) and (9) over the CM angles and we have changed from
the CM frame to the laboratory frame. This difference is shown in Fig. 1 and it summarizes
a long discussion about the possibility of distinguishing Dirac from Majorana neutrinos in
neutrino-electron scattering processes [3, 8–10]: for terrestrial experiments where neutrinos
are produced via charged currents, it is extremely difficult to observe significant differences
between Dirac and Majorana neutrinos. Indeed, as can be seen in Fig. 1, for detectable
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neutrino energies, the difference is negligible. It becomes significant only for unreasonable
(of the order of eV) energies of the neutrino.
Despite this fact, it is important to remember that neutrinos can forget its chiral origin.
Indeed, any particle possessing a magnetic moment, as the neutrino does, interacts with
external electromagnetic fields and consequently, its spin may rotate around the direction
imposed by this external field. Furthermore, neutrinos can have a non negligible magnetic
moment µν . Actually, current experimental constraints only gives a superior bound on the
neutrino magnetic moment, µν < 3.2 × 10−11µB [6] with µB the Bohr magneton. This
limit is very big as compared with the expected neutrino magnetic moment that can arise
from radiative corrections in the Standard Model. For example, for a Dirac neutrino µν ∼
3× 10−19
(
mν
1eV
)
µB [11]. Hence, the spin of the neutrino could have a precession.
In the past, this spin precession has been used as a mechanism to probe the Majorana
nature of the neutrino [12, 13], but those works have focused on a complete transition from
a Majorana neutrino to an antineutrino due to the spin precession. The non observation
of solar antineutrinos in KamLAND has derived an upper limit on the neutrino magnetic
moment only µν < 5× 10−12µB [14].
We will show, that contrary to those previous attempts, it is not necessary to have a
completely flipped neutrino, that is an anti-neutrino, to have observable differences between
the Dirac and Majorana neutrinos. This can be observed by re-evaluating eq. 10 for different
values of the neutrino longitudinal polarization s||. Inner plot of Fig. 2 shows the function
D(Elabν , s||) for different values of s||. As it can be seen, the value of the neutrino energy
where a significant difference between Dirac and Majorana scattering cross section appears
is a function of s||. In Fig. 2 we show the value of the neutrino energy for two cases: when
the difference is 10% (solid red line) and 2% (dashed black line). As it can be seen, there is
an asymptotic value of s|| where this difference is reachable for current neutrino detectors.
In the first case, it is needed that the neutrino forgets its chiral origin almost 25%, while
a more precise experiment able to detect astrophysical neutrinos with a 2% accuracy will
need only a 5% deviation in the neutrino’s original helicity.
What is the magnetic field needed in order to have such changes in the neutrino’s helicity?
In order to estimate this, we recall previous studies where the depolarization rate of neutrinos
was calculated [15–17]. In the case of a random distribution of electromagnetic fields, the av-
erage neutrino’s helicity 〈h〉 changes as dictated by the equation 〈h(t)〉 = exp(−Γdepol)〈h(0)〉 ,
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FIG. 2: Neutrino energy as a function of the neutrino longitudinal polarization needed to have:
10% difference between the Dirac and Majorana cross section (red solid line) and 2% (black dashed
line)
where
Γdepol = 0.0132µ
2
νT
3 , (11)
µν the magnetic moment of the neutrino [17]. Another source for neutrino spin depolar-
ization is produced by the interaction with a large scale magnetic field. For this case, the
depolarization rate is given by
ΓB =
4µ2νB
2D
ω2
refr
+ 4µ2νB
2
, (12)
where B is the external magnetic field, ωrefr ≃ 1.1× 10−20(T/MeV)4 for electron neutrinos,
and D ≃ 2.04G2FT 5 [17].
Let us focus in the case of a random distribution of magnetic fields, eq. (11). In Fig. 3
we have plotted the depolarization distance λdepol = 1/Γdepol as a function of the neutrino
magnetic moment. Solid black line is for a complete depolarization while red dashed line
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FIG. 3: Depolarization distance for a random distribution of magnetic fields as a function of the
neutrino magnetic moment. Solid black line is for a complete depolarization while red dashed
line for a 5% change in the average neutrino helicity. Dotted lines represents typical astrophysical
objects: The solar radius, the size of an Active Galactic Nuclei (AGN), a Super Nova Remant
(SNR), the size of the galaxy disk and the galaxy halo. We have assumed T = 20MeV
for a 5% change in the average neutrino helicity. This is for a temperature of T = 20 MeV.
Dotted lines represent typical astrophysical objects. As expected, a complete neutrino -
antineutrino oscillation due to the resonant spin precession inside the sun gives the limit
on the neutrino magnetic moment found in [14]. This is represented by the intersection of
the dotted line at the solar radius with the line of the neutrino depolarization. As it can
bee seen, a more stringent limit could be obtained if solar neutrino experiments reach a 2%
resolution in the antineutrino searches.
Moreover, Fig. 3 implies that other neutrinos produced in different astrophysical ob-
jects could in principle be depolarized if the neutrino magnetic moment is relatively large
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compared to the SM prediction.
Since neutrinos can have a broad distribution of spin polarization, finally, let us consider
the extreme case where neutrinos are unpolarized and compute the neutrino-electron elastic
scattering. As previously noted [10], in this case the corresponding matrix elements for
Dirac and Majorana neutrinos are completely different. Furthermore, as eqs. 3 and 6 show,
the difference increments as long as we maximize the axial contribution. In order to do
that, we will consider that neutrinos are unpolarized and that the electron in the target
is polarized. The possible use of polarized electrons in ν − e elastic scattering has been
previously proposed in order to look for other non standard neutrino interactions, as the
neutrino magnetic moment itself [18], or possible CP violation signals [19] among other
different motivations [20]. Here we will show that the electron polarization could enhance
the difference between Dirac and Majorana neutrinos as long as neutrinos had lost their
initial polarization due to an interaction of the neutrino with external magnetic fields in
some wild astrophysical environment.
To take into account the electron polarization, we used the Michel-Wightman [21] for-
malism. For the evaluations we used the laboratory frame, in which the electron is at rest
and the electron polarization vector angle ξ is given respect to the direction of the incoming
neutrino (that we choose to be z): se = (0, s⊥, 0, s‖), s|| = cos ξ.
In the following we give the expressions for the differential cross section for the elastic
scattering of νℓ − e considering the target electrons can be polarized in any direction. We
will keep the dependence on the angle s|| = cos ξ with respect to the incoming neutrinos
direction explicitly. We have neglected the neutrino mass, since the changes in the cross
sections due to the inclusion of the neutrino mass are very small.
We arrive to the Dirac neutrino-polarized electron elastic scattering:
dσ(νDℓ epol)
dTe
=
G2Fme
2π
[
(gℓA − gℓV )2(1− s||)
(
1− Te
Elabν
)2
+ (1 + s||)
(
(gℓA + g
ℓ
V )
2 + (gℓA
2 − gℓV
2
)
meTe
Elabν
2
)
+ (gℓA − gℓV )2s||
(
1− Te
Elabν
)
meTe
E2ν
]
. (13)
Here, we have chosen the laboratory frame, with Te the electron recoil energy as it was done
in [18], and our results match. Recall gℓA , g
ℓ
V are defined in eq. 2. On the other hand, for
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FIG. 4: Difference for the neutrino-polarized electron scattering for a fixed value of the target
electron polarization as defined by eq. 15.
the Majorana case, the neutrino-polarized electron cross sections is given by:
dσ(νMℓ epol)
dTe
=
G2Fme
2π
[
2(gℓA
2
+ gℓV
2
)
(
1− Te
Elabν
)2
(14)
+ 2(gℓA
2
+ gℓV
2
) + 2(gℓA
2 − gℓV
2
)
meTe
Elabν
2
+ 4gℓAg
ℓ
V s||
(
1 +
(
1− Te
Elabν
)2
−
(
1− Te
Elabν
)
meTe
Elabν
2
)]
After an integration over the electron recoil energy, 0 < Te <
2Elabν
2
me+2Elabν
we can compute
the difference:
Depol(E
lab
ν , s||) =
|σ(νDepol)− σ(νMepol)|
σ(νDepol)
, (15)
for different values of the electron polarization. An explicit example is shown in Fig. 4.
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FIG. 5: Electron polarization needed to have significant differences between Dirac and Majorana
cross sections for unpolarized neutrinos as a function of the incoming neutrino energy.
It is remarkable that an appreciable difference is obtained for detectable energies of the
incoming neutrino.
Actually, in the case of unpolatized neutrinos that scatter on polarized electrons there
could be differences as big as twice the cross section, i.e. Depol(E
lab
ν , s||) > 1, for certain
values of the neutrino energy and the degree of polarization of the target electrons. This
is illustrated in Fig. 5, where we have plotted isocurves of Depol(E
lab
ν , s||). Although this
extreme case is reachable only for extremely low energetic neutrinos. Nevertheless, the case
Depol(E
lab
ν , s||) > 0.25, i.e. differences of at least 25% are expected for a wide range in the
electron polarization and neutrino energy.
In summary, we have shown that once the neutrino polarization evolution is considered,
there are clear differences between Dirac and Majorana scattering on electrons. This change
in the evolution of the helicity is possible due to the existence of a neutrino magnetic
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moment. The change of polarization can be achieved in astrophysical environments with
magnetic fields if the neutrino magnetic moment is bigger that the expected SM prediction
but smaller than the current experimental limit. This helicity change could be strong enough
to completely unpolarize the neutrino. Furthermore, we show that in the case of unpolarized
neutrino scattering onto polarized electrons, this difference can be relevant even for larger
values of the neutrino energy.
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